Nevirapine is an anti-human immunodeficiency virus (HIV) agent that belongs to the class of the non-nucleoside inhibitors of the HIV-1 virus reverse transcriptase. Spectral characteristics of nevirapine have been probed into by methods of Fourier transform infrared (FTIR), FT-Raman, UV-visible, and quantum chemistry. The UV spectrum was measured in methanol. In order to gain some valuable insight into the recorded spectrum, the quantum mechanical calculations were performed for nevirapine using both ZINDO and time-dependent density functional theory at B3LYP/6-31G(d,p) level. The optimized molecular geometry, bond orders, natural bond order analysis, and harmonic vibrational wavenumbers of nevirapine were calculated by restricted Hartree-Fock and density functional B3LYP methods with the 6-31G(d,p) basis set using Gaussian 03 W program. The harmonic vibrational frequencies calculated have been compared with experimental FTIR and FT-Raman spectra. The restricted Hartree-Fock and density functional theory-based nuclear magnetic resonance (NMR) calculation procedure was also performed, and it was used for assigning the 13 C and 1 H NMR chemical shifts of nevirapine.
Introduction
Nevirapine falls in the non-nucleoside reverse transcriptase inhibitor (NNRTI) class of antiretrovirals [1] . Both nucleoside and non-nucleoside RTIs inhibit the same target, the reverse transcriptase enzyme, an essential viral enzyme which transcribes viral RNA into DNA. Unlike nucleoside RTIs, which bind at the enzyme's active site, NNRTIs bind allosterically at a distinct site away from the active site termed the NNRTI pocket. Nevirapine is not effective against human immunodeficiency virus (HIV)-2, as the pocket of the HIV-2 reverse transcriptase has a different structure, which confers intrinsic resistance to the NNRTI class [2] . Resistance to nevirapine develops rapidly if viral replication is not completely suppressed [3] . The most common mutations observed after nevirapine treatment are Y181C and K103N, which are also observed with other NNRTIs [4] .
Some clinical trials have demonstrated comparable HIV suppression with nevirapine-based regimens to that achieved with protease inhibitors [5, 6] . Although concerns have been raised about nevirapine-based regimens in those starting therapy with high viral load or low CD4 count, some analyses suggest that nevirapine may be effective in these patients [7] .
Literature survey reveals that there is no detailed study available on UV, natural bonding orbital (NBO), and nuclear magnetic resonance (NMR) and quantum mechanical work on nevirapine. This title of the compound with complete infrared (IR), Raman, and UV spectra includes quantum mechanical calculations with IR intensity for nevirapine. In the present communication, we reported detailed vibrational spectra of this molecule completely to identify the various normal modes with greater wavenumber accuracy. Band assignments were made by assuming C 1 point group symmetry. Ab initio Restricted Hartree-Fock (RHF) and density functional theory (DFT) calculations have been performed to support our wavenumber assignments.
Experimental
The compound nevirapine in pulverized form was purchased from reputed pharmaceutical company, Chennai, India with more than 98% purity and was used as such without further purification to record Fourier transform infrared (FTIR), FT-Raman, and UV spectra. The FTIR spectrum of the compound was recorded in the 4,000 to 400 cm −1 region in evacuation mode on Bruker IFS 66 V spectrophotometer (Ettlingen, Germany) using KBr pellet technique (solid phase) with 4.0 cm −1 resolution. The FT-Raman spectrum was recorded using 1,064-nm line of Nd:YAG laser as excitation wavelength in the 4,000 to 10 cm −1 region on Bruker IFS 66 V spectrometer equipped with FRA 106 Raman module which was used as an accessory. The UV-visible (UV-vis) spectral measurements were carried out using a Varian Cary 5E-UV-NIR spectrophotometer (Palo Alto, CA, USA). The spectral measurements were carried out at Sophisticated Instrumentation Analysis Facility, IIT Madras, India.
Computational details
All the theoretical computations were performed at restricted Hartree-Fock (RHF) and DFT-B3LYP levels on a Pentium IV/1.6-GHz personal computer using the Gaussian 03 W program package [8] . The geometries were first optimized at the RHF level of theory employing the 6-31G(d,p) basis set. DFT employed the B3LYP keyword, which invokes Becke's three-parameter hybrid method [9] using the correlation function of Lee et al. [10] . The optimized structural parameter was used in the vibrational frequency calculations at RHF and DFT levels to characterize all stationary points as minima. Then, vibrationally averaged nuclear positions of neviraprine were used for harmonic vibrational frequency calculations resulting in IR intensities and Raman depolarization ratios. Finally, the calculated normal mode vibrational frequencies provide thermodynamic properties by way of statistical mechanics. Besides, zero-point vibrational energy was also calculated in the present work. By combining the results of the Gauss view program [11] with symmetry considerations, vibrational frequency assignments were made with high degree of accuracy. Some ambiguity is necessary in defining internal coordination. However, we define coordinate form complete set and matches quite well with the motions observed using the Gauss view program. The ZINDO and time-dependent density functional theory (TD-DFT) methods at B3LYP/ 6-31G(d,p) level were used for the calculation of the UV-vis spectra. The IR and UV-vis spectra were calculated and visualized using the SWizard program [12] . The 13 C nuclear magnetic resonance (NMR) chemical shifts of the title compound were calculated using the keyword NMR in the RHF and DFT calculation at the B3LYP level with 6-31G(d,p) basis set.
Results and discussion

Molecular geometry
The calculated geometrical parameters (bond lengths and bond angles) were compared with available experimental data [13] . As the experimental values for nevirapine are known, the theoretically calculated values may supply an idea about the geometry of these molecules and also an idea of how the geometry of the molecule changes from the ab initio method of calculation and the DFT-B3LYP method of calculation. The optimized structural parameters of nevirapine from the RHF/6-31G(d,p) and B3LYP/6-31G(d,p) calculations and also the available experimental values are listed in Table 1 , in accordance with the atom numbering scheme given in Figure 1 . The B3LYP method leads to geometry parameters, which are close to available experimental data [13] . A statistical treatment of these data shows that, for the bond lengths, B3LYP/6-31G(d,p) is better than the RHF/6-31G(d,p) geometry. The correlation coefficients for bond lengths computed from the DFT and RHF methods with the experimental values were found to be 0.9958 and 0.9953, respectively. Similarly, the correlation coefficients for bond angles computed from the DFT and RHF methods with the experimental values were found to be 0.9222 and 0.9142, respectively. The agreement for bond angles is not as good as that for the bond distances. The slight variation with the experimental value is due to the fact that optimization is performed in an isolated condition, whereas the crystal environment affected the experimental X-ray structure.
Bond order analysis
The bond order of nevirapine is presented in Table 2 . Bond order is related to bond strength, and the bonds with the higher bond order values have short bond length and vice versa. The analysis of bond order may predict that the weakest bonds may be cleaved preferentially, and they may possess a relatively low pi bond character. From Table 2 , it is noted that the bond between N4 and C18 possesses relatively low pi bond character with low bond order values of 0.828 and 0.916 obtained from RHF and B3LYP methods, respectively. The C7-O16 bond order value is 1.968, which depicts the double bond character, while the C18-C20 and N4-C5 bond order values are approximately unity, which show the single bond character. It is also found that the optimized geometrical values are in support of the bond order analysis.
Electronic properties
The energies of four important molecular orbitals of nevirapine, the highest and second highest occupied molecular orbitals (MOs) (HOMO and HOMO − 1) and the lowest and the second lowest unoccupied MOs (LUMO and LUMO + 1) were calculated and are provided in Table 3 . The lowest singlet → singlet spin-allowed excited states of nevirapine were taken into account for the ZINDO and TD-DFT at B3LYP/6-31G(d,p) level of calculation in order to investigate the properties of electronic absorption. The experimental and theoretical studies on the electronic absorption spectrum of nevirapine were made to explain each observed band, which was not done earlier. The experimental λ max values are elicited from the UV-visible spectra recorded in methanol, and it should be declared which PCM model [14] has been used for simulating the solvent effect in the calculated UV spectra. The present experiment revealed three bands at 341.6, 360.2, and 452.5 nm in the UV region. Both the theoretical methods (ZINDO and TD-DFT) fairly estimate with the observed electronic band of nevirapine. The experimental electronic absorption bands were well predicted by both ZINDO and TD-DFT at B3LYP/6-31G(d,p) level of calculations. The calculated absorption wavelengths (λ max ), oscillator strength, excitation energies, and the experimental wavelengths are also given in Table 3 . The energy gap between HOMO and LUMO is a critical parameter in determining molecular electrical transport properties [15] . In the electronic absorption spectrum of nevirapine, there are three absorption bands with a maximum of 452.5 nm. The strong absorption band at 452.5 nm is caused by the n → π * , and the other two calculated values of moderately intense bands are due to π → π * transitions. The π → π * transitions are expected to occur relatively at lower wavelength, due to the consequence of the extended aromaticity of the benzene ring. The HOMO and LUMO of nevirapine are represented in Figure 2 .
Natural population analysis
The calculation of effective atomic charges plays a dominant role in the application of quantum mechanical calculations to molecular systems. Our interest here is in the comparison of different methods (RHF and DFT) to describe the electron distribution in nevirapine as broadly as possible and to assess the sensitivity of the calculated charges to change the choice of quantum chemical method. The calculated natural atomic charge values from the natural population analysis (NPA) and Mulliken population analysis (MPA) procedures using the RHF and DFT methods are listed in Table 4 . According to Reed et al. [16] , NPA scheme shows greater numerical stability and better describes the electron distribution in compounds of high ionic character. So, we also concluded that NPA from the NBO method is better than the MPA scheme. Table 4 compares the atomic charge site of nevirapine from both MPA and NPA methods. Moreover, we see that C18 has a positive value in MPA, whereas negative in NPA because the surrounding atoms, N4, C19 (negative), and H30 (positive), will not give a positive value for the C18 atom. This is one of the evidences that NPA is better than MPA. The NPA of nevirapine shows that the presence of four nitrogen atoms (N1 = −0.822 (RHF) and −0.741 (DFT), N4 = −0.554 (RHF) and −0.446 (DFT), N11 = −0.586 (RHF) and −0.510 (DFT), N15 = −0.565 (RHF) and −0.494 (DFT)) imposes large positive charges on the carbon atoms (C5 = 0.520 (RHF) and 0.427 (DFT), C7 = 0.871 (RHF) and 0.744 (DFT)). However, the nitrogen atoms N1 and N4 possess large negative charges, resulting in the positive charges on the carbon atoms C3, C5, and C7. Moreover, there is no difference in charge distribution observed on all hydrogen atoms except the H21 hydrogen atom (H21 = 0.453 in RHF and 0.444 in DFT). The large positive charge on H21 is due to the large negative charge accumulated on the N1 atom.
Vibrational assignments
The experimental FTIR, FT-Raman, and calculated (RHF and DFT-B3LYP) vibrational spectra were shown in Figures 3, 4 , 5 and 6. Since the calculated vibrational wavenumbers were known to be higher than the experimental ones, they were scaled down by the wavenumber linear scaling procedure of Yoshida et al. [17] using the following expression:
The above expression is used by Soni Mishra et al. [18] , which really scaled the theoretical value to the observed values. Comparison of the frequencies calculated at RHF and DFT-B3LYP with experimental values (Table 5 ) reveals the overestimation of the calculated vibrational modes due to anharmonicity in real system which was neglected. Inclusion of electron correlation in DFT to a certain extent makes the frequency values smaller in comparison with the RHF frequency data. According to the theoretical calculations, nevirapine has a non-planar structure of C 1 point group symmetry. The molecule has 34 atoms and 96 normal modes of vibration active in both IR and Raman. The Chemcraft program was used to display the vibrational modes, and vibrational wavenumber assignments were made on the basis of combining the results of Chemcraft program with the symmetry and taking the atomic displacements into consideration based on the frequency calculation and also made in analogy with the structurally related molecules.
N-H vibrations
The Raman and infrared spectra of the nevirapine are presented in Figures 3 and 4 . Table 5 lists the observed wavenumbers according to the main molecular groups of nevirapine. After scaling, the computed wavenumbers are in good agreement with the observed wavenumbers. The optimized and crystal geometries' agreement suggests that the crystal field is not intense enough to split the bands in the irreducible representation components predicted by the group theory. Furthermore, as it may be verified from Table 5 , despite the changes in the intensity of the Raman and infrared bands, the corresponding energy differences are in general in the range of the experimental spectral resolution. In all the heterocyclic compounds, the N-H stretching vibrations occur in the 3,500 to 3,000 cm −1 region [19] . Figure 3 shows the high wavenumber region, where CH and NH stretching modes are expected to be observed. However, not all the observed bands are associated with fundamental vibrations, since some overtones and combinations of the low-energy modes originating in anharmonic effects are usually present in this region. Thus, the band placed around 3,300 cm −1 may be assigned to the worst overtone of the ν(C = O) band at 1,729 cm −1 in the calculated value. Some contribution of the bands around 1,589 cm −1 may be responsible for the structure observed in the broad band at 3,413 cm −1 , which is associated with the only ν(NH) mode expected in nevirapine. The broad appearance and the shift towards lower wavenumbers of the ν(NH) points out the involvement of this bond in the hydrogen bond pattern, in agreement with the reported structure. Hence, in the present investigation, the N-H stretching vibrations have been found at 3,413 cm −1 in IR, which are further supported by the RHF and DFT-B3LYP method.
C-H vibrations
The ν(CH) stretching bands are observed between 3,300 and 3,000 cm −1 . According to our DFT calculations, the bands above 3,000 cm −1 are associated with the corresponding ν(CH) of the cyclopropyl and pyridine moieties, which is supported by the comparison with the vibrational spectra of other cyclopropyl and pyridine molecules with similar substitutions [20, 21] . The three low-energy ν(CH) bands correspond to the symmetric and antisymmetric stretching of the methyl group, as follows by comparing the vibrational spectra of nevirapine with the one of 4-methylpyridine [20, 22] . Let us start considering the contribution of the cyclopropyl ring (R4), whose (CH 2 ) deformations are present in calculated values around 1,437 and 1,441 cm −1 . However, they are superimposed with the deformation vibrations of the CH 3 group and some stretching bands of the pyridine rings, which do not allow us to establish an unambiguous classification. The ring breathing and ring deformation fundamentals are found at 882 cm −1 . Finally, the deformations and torsions around the N4-C18 bond are observed, respectively, between 150 and 400 cm −1 and below 100 cm −1 , as it is verified in Table 5 . Most of the normal modes associated with the pyridine rings (ring 1 and ring 3) may be best described in terms of Wilson's notation [23] , since these vibrational modes are recognizable by showing characteristic group frequencies or systematic behaviors. The most important contributions to the vibrational spectra of these rings are the double bond stretching bands placed around 1,729 cm −1 with considerable intensity in both Raman and infrared spectra. Between 1,226 and 1,278 cm −1 , the vibrational bands are dominated by the CH deformations of both rings and the corresponding Kekule modes. Lowering the energy, other ring deformations, torsions, and outof-plane deformations are mostly coupled with the vibrational modes of the central ring, as it is observed in Table 5 also. The heteroaromatic structure shows the presence of C-H stretching vibrations in the 3,100 to 3,000 cm −1 region which is the characteristic region for Table 3 Experimental and calculated absorption wavelength (λ), energies (E), oscillator strength (f), and frontier orbital energies of nevirapine Figure 2 The HOMO and LUMO of nevirapine.
the identification of such C-H stretching vibrations [24] . These vibrations are not found to be affected due to the nature and position of the substituents. Accordingly, in the present study, the band identified at 3,062 cm −1 in IR and 3,067 cm −1 in Raman for nevirapine has been designated to C-H stretching vibration. The observed C-H stretching modes show consistent agreement with the computed B3LYP and RHF results.
C-N vibrations
The C-N stretching frequency is a very difficult task since it falls in a complicated region of the vibrational spectrum, i.e., mixing of several bands are possible in this region [15] assigned C-N stretching absorption in the 1,386 to 1,266 cm −1 region for aromatic amines. The IR and Raman bands which appeared at 1,246 and 1,247 cm −1 have been assigned to C-N stretching vibration. The aromatic C-H vibrations calculated experimentally are in good agreement with that theoretically attained by DFT and RHF methods.
CH 2 scissoring, wagging, and rocking
As it was pointed out, the methyl group deformations are superimposed with the ones of the CH 2 groups and cannot be easily identified. A similar situation is observed with the ρ(CH3) rocking bands, which are predicted to exhibit a low intensity and/or to be coupled with other vibrational modes around 1,074 cm −1 in Raman spectra. In general, agreement can be traced between the scaled and experimental frequencies. However, some discrepancies are observed in the vibrational modes associated with the torsions (liberations) of the CH 3 . For methyl-substituted benzene derivatives, deformation vibrations of methyl group normally appear in the 1,465 to 1,440 cm −1 and 1,390 to 1,370 cm −1 regions, respectively [25] [26] [27] . The bands at 1,462, 1,475, 1,478, and 1,487 cm −1 in DFT method and the bands at 1,585, 1,588, 1,602, and 1,606 cm −1 in RHF method are attributed to CH 3 scissoring vibrations. The wagging vibrations of the CH 3 group in nevirapine appear as independent vibrations. The torsional mode of CH 3 vibration is measured at 145 and 170 cm −1 in DFT method and 147 and 174 cm −1 in RHF method. As discussed previously, the conformation of the nevirapine molecule in the structure slightly differs from the conformation of the free molecule by a decrease in the butterfly angle due to a C7 = O16..HC19 hydrogen bond. This interaction, which is able to induce a deformation in the molecule, may also fix the methyl group by making its rotation around the threefold axis more difficult with the consequent hardening of the vibrational modes.
The scissoring mode of the CH 2 group gives rise to a characteristic band near 1,465 cm −1 [28] in the IR and Raman spectra. In the present study, the band that appears at 1,420 cm −1 in IR and 1,432 cm −1 in Raman spectra is assigned to the scissoring mode of the CH 2 group. The calculated scaled values of 1,427 cm −1 in the DFT methods go in agreement with the experimental values of CH 2 scissoring vibrations of nevirapine. The CH 2 wagging, frequently combined with CH deformations, was assigned to the bands at 1,159 cm −1 in FTIR spectrum. The calculated scaled values of 1,150 cm −1 in DFT methods agree with the experimental values of CH 2 wagging vibrations of nevirapine. These modes exhibit almost no coupling with vibrations belonging to other moieties, but that is not the case for the CH 2 rocking, expected around 800 cm −1 , since the only band which is almost completely associated with a CH 2 rocking is the one at 819 cm −1 in FTIR spectrum.
13
C and 1 H NMR chemical shift assignment Table 6 presents the predicted chemical shift values of nevirapine obtained by the RHF, DFT, and ChemDraw Ultra 8.0 software package and its assignment along with the shielding values. In general, highly shielded electrons appear downfield and vice versa. The predicted chemical shift values by the theoretical methods, both DFT and RHF, slightly deviates from the experimental values due to the theoretical calculations being carried out in the isolated gas phase. The carbon atom C7 appearing at much higher chemical shift value (181.5 ppm) is due to the double bond of oxygen atom. Similarly C3, C5, and C14 appearing at higher chemical shift values (150.1, 155.6, and 152.6 ppm) are due to nitrogen atoms N11, N4, and N15, respectively.
The carbon atoms C7, C3, C5, and C14 are highly electropositive and possess more positive charges than the other carbon atoms, and hence, the shielding is very small and appears upfield (see Table 6 ). In both the molecules, the DFT-calculated atomic charges revealed that the more electron-rich atoms are C17, C18, C19, and C20; they are highly shielded atoms and appear at downfield (lower chemical shift). The carbon atoms in the 2-pyridine are deshielded than the carbon atoms in the cyclopropane so that the 2-pyridine carbon atoms appear at higher chemical shift values than the cyclopropane carbon atoms that were made by DFT method rather than RHF method. In this study, a good correlation between atomic charges and chemical shift was made. It is to be noted that 13 C NMR chemical shifts for nevirapine agree with the experimental values reported [29] . Table 6 The spectrum of nevirapine showed a singlet at 7.9 ppm for the proton of the 2-pyridine (H24) group, which is in good agreement with the experimental value. Triplet is predicted at 2.3, 2.3, and 2.3 ppm for the methyl group of hydrogen atoms (H25, H26, and H27). This higher absolute shielding for methyl group hydrogen is mainly due to the carbon atom (C17). The predicted value of singlet peak at higher chemical shift is at 9.6 ppm for 2-pyridine group of the indole proton (H26). Doublet is predicted at 0.3 ppm for the cyclopropane group of hydrogen atoms (H31 and H32). The hydrogen atoms of methylene group attached with C19 and C20 atoms show a multiplet at 0.3 to 0.9 ppm, which is due to the presence of C18 atom. In DFT and RHF methods, the hydrogen in cyclopropane group (H30, H31, H32, H33, and H34) is predicted. It contradicts to ChemDraw Ultra value and theoretical values, but other hydrogen fairly agrees with the experimental values.
Thermodynamic properties
The total energy of a molecule is the sum of translational, rotational, vibrational, and electronic energies, i.e., E = Et + Er + Ev + Ee. Thus, the molecular partition function is the product of the translational, rotational, vibrational, and electronic partition functions of the molecule [30] . The relations between partition functions and various thermodynamic functions were used to evaluate the latter due to translational, vibrational, and rotational degrees of freedom of molecular motions. The statistical thermochemical analysis of nevirapine is carried out considering the molecule to be at room temperature of 298.15 K and 1 atm pressure. In the present analysis using B3LYP, the contributions due to internal rotations are not considered. The free energy of the molecule is calculated including zero-point vibrational energy. The values of zero-point energy of the molecule were 169.979 kcal/mol by DFT method and 182.400 kcal/mol by RHF method, respectively. Microscopically, the thermal energy is the kinetic energy of a system's constituent particles, which may be atoms, molecules, electrons, or particles in plasmas. Table 7 summarizes the calculated thermodynamic parameters, namely heat capacity, entropy, rotational constants, and dipole moments of nevirapine. Knowledge on permanent dipole moment of a molecule provides a wealth of information to determine the exact molecular conformation. The total dipole moment of nevirapine in DFT-B3LYP method is the lesser side of the dipole moment value of RHF method which was observed. In general, the LUMO becomes less bound, while the HOMO becomes more bound. From Table 7 , it is concluded that the lowest energy gap was found at the DFT method. The variations in the entropy and zero-point vibrational energies seem to be insignificant.
Conclusion
Vibrational spectroscopy, restricted Hartree-Fock, and density functional calculations have been applied to the investigation of the NNRTI nevirapine. The theoretically calculated values of both bond lengths and bond angles of the structures of the minimum energy were then compared with available computed data. The data obtained during the course of this investigation show that a better agreement between the experimental and computed data is obtained using the DFT-B3LYP method with the basis set 6-31G(d,p). The bond order and atomic charges of the title molecule have been assessed by both RHF and DFT methods. The energies of important MOs, absorption wavelength (λ max ), oscillator strength, and excitation energies of the compound were also determined from TD-DFT and ZINDO methods and were compared with the experimental values. This study enlightens that the molecular geometry, vibrational wavenumbers, and 13 C NMR chemical shifts for nevirapine could be successfully elucidated by the RHF and DFT-B3LYP methods using the Gaussian program. The fitting between the calculated and measured vibrational wavenumbers was achieved by these methods, and the deviations between the calculated and experimental values are quite small after scaling the wavenumbers. Therefore, this study says beyond doubts that the theoretical calculation of the vibrational wavenumbers for nevirapine is quite useful for determining the vibrational assignment and for predicting new vibrational wavenumbers. The calculated normal mode vibrational wavenumbers provide thermodynamic properties by way of statistical mechanics.
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